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Abstract  
The carbon dioxide (CO2) dry reforming of glycerol for syngas production is one of the promising ways 
to benefit the oversupply crisis of glycerol worldwide. It is an attractive process as it converts carbon 
dioxide, a greenhouse gas into a synthesis gas and simultaneously removed from the carbon biosphere 
cycle. In this study, the glycerol dry reforming was carried out using Silver (Ag) promoted Nickel (Ni) 
based catalysts supported on silicon oxide (SiO2) i.e. Ag-Ni/SiO2. The catalysts were prepared through 
wet impregnation method and characterized by using Brunauer-Emmett-Teller (BET) surface area, 
Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), and Thermo Gravimetric (TGA) analy-
sis. The experiment was conducted in a tubular reactor which condition fixed at 973 K and 
CO2:glycerol molar ratio of 1, under atmospheric pressure. It was found that the main gaseous prod-
ucts are H₂, CO and CH4 with H₂:CO molar ratio < 1.0. From the reaction study, Ag(5)-Ni/SiO2 results 
in highest glycerol conversion and hydrogen yield, accounted for 32.6% and 27.4%, respectively. Copy-
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1. Introduction  
Fossil fuels such as coal, crude oil and natu-
ral gas are formed from the remains of dead 
plants and animals over million years ago. It 
has been utilized as energy resources globally 
for the past decades. World has relied on this 
non-renewable energy as the primary fuel 
source for the electricity, heating and powering 
vehicles. However, increasing global energy 
consumption as a result of rising population 
growth may lead to the depletion of fossil-based 
resources in the near future. Moreover, the risk 
of global climate change rises as global con-
sumption rises. It is believed that carbon emis-
sions from fossil fuels are the main factor for 
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 the rise in atmospheric concentrations and 
global temperatures. Today, renewable energy 
sources especially biomass have been gaining 
attention as an alternative for fossil fuels con-
sumption [1]. As the most viable alternative 
fuel, biodiesel is considered as a promising al-
ternative energy. Biodiesel is produced indus-
trially through transesterification of vegetable 
oil (edible oil) and non-edible oil, where the side 
product is glycerol. Approximately 10 wt% of 
crude glycerol constituted from the total prod-
uct. Therefore increasing demands of biodiesel 
contribute to a dramatic growth in glycerol pro-
duction.  
The production of synthesis gas (syngas) 
and hydrogen is a promising way to benefit 
oversupply of glycerol production. Syngas is a 
gas mixture constitutes of carbon monoxide, 
carbon dioxide and hydrogen. It is widely used 
as intermediates in creating synthetic natural 
gas and petroleum and for the production of 
ammonia and methanol [2]. The most common 
method of producing hydrogen and syngas us-
ing is through steam reforming. However, this 
endothermic process requires high-energy con-
sumption in order to provide optimum condi-
tion for reaction to occur. This high reaction 
temperature, in the other way promotes the 
formation of carbon which negatively affect the 
stability of the catalyst.  
The glycerol CO2 dry reforming process is an 
attractive process as it converts carbon dioxide, 
a greenhouse gas into a synthesis gas and si-
multaneously removed from the carbon bio-
sphere cycle. Dry reforming of glycerol is an en-
dothermic reaction in which as the temperature 
increases, the favourable product formed will 
also be higher. However, to date, there are lim-
ited literatures reported on the glycerol dry re-
forming. 
Equation 1 shows the primary reaction oc-
curred in the dry reforming of glycerol: 
          
C3H8O3 + CO2 → 4CO + 3H2 + H2O 
        ∆H298K = 248.33 kJ/mol                 (1)  
 
Wang et al. had performed a thermodynamic 
analysis of glycerol dry reforming. The possible 
products formed at the end of the process are 
hydrogen, carbon monoxide, carbon dioxide, 
methane, water and carbon (solid deposition). 
It is found that the synthesis gas reached the 
maximum production at temperature 1000 K 
and CO2: glycerol molar ratio of 1:1. Atmos-
pheric pressure was preferable for the system. 
Glycerol conversion achieved 100% conversion, 
while carbon dioxide conversion was increased 
with the increase of temperature [3]. 
Lee et al. investigated the glycerol dry re-
forming over Ni catalyst supported on cement 
clinker. They found that addition of Ni has sig-
nificantly improved the surface area of the 
catalyst even though the cement clinker is a 
non-porous substance. At 1023 K reaction tem-
perature, hydrogen-to-carbon dioxide ratio is 
less than 2.0 which is suitable for Fischer-
Tropsch synthesis. Unfortunately, side reac-
tions like methanation and hydrogenation of 
carbon dioxide affected the production of syn-
gas [4]. 
Glycerol dry reforming over La-promoted 
Ni/Al2O3 catalysts for the production of syngas 
was conducted by Siew et al. [5]. Catalysts were 
prepared by wet-impregnation method with 
promoter loading ranging from 1 to 5wt%. The 
study revealed that 3%La-Ni/Al2O3, which pos-
sessedthe largest surface area exhibited the 
most stable catalytic activity and achieve the 
optimum hydrogen production and glycerol con-
version. It was found that, although production 
of hydrogen and glycerol increased by addition 
of La promoter, the addition of promoter over 
the optimum level led to the reduction of cata-
lytic activity due to clogging in the pores which 
cover the active sites of the catalyst and thus 
reduce the catalyst activity. 
Selection of suitable catalyst is crucial in 
every process. Ni-based catalyst is widely used 
in reforming activities due to highly abundance 
and low in cost. Moreover, it can work well to-
wards optimum results with introduction of 
metal promoter. Noble metals (Ru, Pd, Pt etc.) 
are often use as the promoter. However, these 
catalysts are also known to favor the deposition 
of carbon (coking), which may reduce the per-
formance of the catalyst. Ag is uncommonly 
used in dry reforming studies. Nevertheless, Ag 
has been reported possessing the ability to in-
hibit the formation of coke and thus maintain 
the stability of the catalyst [6, 7]. Moreover, Ag 
as the promoter improves the ethanol conver-
sion and hydrogen selectivity in ethanol steam 
reforming, as reported by Chen et al [8]. This 
paper is focuses on CO2 dry reforming of glyc-
erol over Ni-based catalyst supported on silicon 
oxide (SiO2) promoted with Ag. It is expected 
that Ni-based catalyst promoted with Ag en-
hances the conversion of glycerol and yield of 
desired gaseous products besides contributes to 
the stability of the catalyst by minimizing the 
coke formation.  
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 2. Materials and Methods 
2.1. Materials 
Glycerol (Fisher Scientific, 99.95% purity) 
was used as feedstock for the dry reforming 
process. A series of silver promoted nickel-
based catalyst supported on silica was prepared 
using nickel(II) nitrate hexahydrate (Acros Or-
ganics, 99% purity), silicon oxide (Acros Organ-
ics, 99% purity) and silver nitrate (Acros Or-
ganics, 99% purity). Gaseous carbon dioxide is 
used as the reactant for the dry reforming proc-
ess. Since the mass flow rate of carbon dioxide 
gas is low, inert nitrogen gas had been utilized 
as carrier gas to facilitate the transportation of 
reactants through the reactor system. 
 
2.2. Catalyst preparation 
Silicon oxide was ground and sieved to 250 
µm particle sizes beforehand. Prior to wet im-
pregnation method, the oxide support was first 
calcined at 1073 K for 6 hours, with ramping 
rate of 5 K min-1 to remove the impurities and 
to avoid the transition of phase when exposed 
to high temperature in reforming reaction. The 
calcined oxide support was then impregnated 
with the aqueous solution of Ni(NO3)2.6H2O 
and AgNO3 to synthesized 15 wt% Ni-based 
catalysts with 0-5 wt% Ag loadings. The solu-
tions were magnetically stirred for 3 h at ambi-
ent temperature for metal impregnation. Then, 
the slurries were dried in the oven at tempera-
ture of 373 K overnight. The catalyst was 
manually stirred using the glass rod during the 
first six hours using glass rod to avoid particle 
agglomeration. After that, the dried compound 
was calcined in the furnace at 773 K for 5 h em-
ploying heating rate of 5 K min-1. The catalysts 
were cooled down, ground and sieved using 150 
µm sieve size. 
 
2.3. Catalyst characterization 
The surface structure and morphology of the 
catalysts were captured by using Scanning 
Electron Microscopy (SEM) JOEL.JSM- 7800F 
model. Brunauer-Emmet-Teller (BET) analysis 
was carried out using Thermo-Scientific Surfer 
to determine the specific surface area of the 
calcined catalysts where liquid N2 was used as 
an adsorbate. X-Ray Diffraction (XRD) analysis 
was conducted using Rigaku Miniflex II to ob-
tain crystalline structure of the catalysts. This 
analysis was carried out using CuKα radiation 
(λ = 1542 Å) at 15 mA and 30 kV. The scan rate 
was 1° min−1 for values between 2θ = 10° and 
80°. The crystallite size was determined using 
Scherrer equation shown in Equation 2.  
 
             (2) 
 
where d is the crystallite size, K is the shape 
factor, λ is the X-ray radiation (λ=0.154 nm), β  
is the full-width at half maximum (FWHM) and 
θ is half of diffraction angle. Thermogravimet-


cos
K
d 
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Figure 1. Experimental set-up for glycerol dry reforming  
 ric analysis was conducted using the Q500-
model thermogravimetry analyser, with the 
ramping rate fixed at 10 K min-1. The tempera-
ture-programmed reduction (TPR) profiles of 
the catalysts under H2-blanket were carried out 
using Thermo Finnigan TPDRO. The ramping 
rate was fixed at 10 K min-1, increasing the 
temperature from room temperature to 1173 K 
followed by 1 h holding period. 
 
2.4. Dry reforming experimental work 
The glycerol dry reforming was carried out 
in a stainless-steel fixed bed reactor (ID = 0.95 
cm; length 40 cm) at atmospheric pressure. Fig-
ure 1 shows the experimental set-up for glyc-
erol dry reforming. The reaction temperature 
was fixed at 973 K and CO2 to glycerol molar 
ratio of 1:1. The volume flow rate of glycerol 
was fixed at 0.03 ml/min and 100 ml/min for 
CO2. The reactor was loaded with 0.2 g of cata-
lyst. Prior to reaction, the catalyst was reduced 
in 50 ml/min hydrogen for 1 h at 700 °C. Glyc-
erol was flowed into the reactor using the 
HPLC pump. The outlet gases were passed 
through a gas wash bottle which consists of sil-
ica gel flask to absorb moisture. The exit gas 
flowrates was measured using a bubble meter 
and collected into a gas sampling bag. The com-
position of syngas produced was determined us-
ing online Agilent gas chromatography (GC) 
with TCD capillary columns, HP-MOLSIV (30.0 
m × 530 μm × 40.0 μm).  
 
2.5. Catalytic reaction performance 
The catalyst performance was evaluated 
based on the glycerol conversion and hydrogen 
yield. The glycerol conversion to gaseous prod-
ucts was determined based on the atomic H-
balance and defined as: 
 
          (3) 
 
The yield of hydrogen is expressed as: 
 
                       (4) 
The yield of C-containing yield is expressed as 
in Equation (5) where i = CO, CO2 or CH4: 
 
              (5) 
where, FH2  and FCH4  represents molar flow 
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rate of hydrogen and methane product respec-
tively, while FC3H8O3 refers to the molar flow rate 
of the inlet glycerol. 
  
3. Results and Discussion 
3.1. X-Ray Diffraction characterization 
(XRD) 
Figure 2 shows the crystalline structures of 
the catalysts depicted by the peaks between 2θ 
of 10° and 80°. The diffraction peaks at 2θ of 
37.3°, 43.3°, 62.9°, 75.4° and 79.4° characterize 
the NiO phase. SiO2 peak appeared at 2θ of  
21.5° and this peak was shifted to the right as 
Ag loading increases. Other SiO2 phases co-exist 
with NiO peaks at the same diffraction angles 
and possess near-similarity crystalline struc-
ture. The metal particles size of the catalysts 
show no significant change upon addition of Ag. 
This finding is also confirmed by Parizotto et al. 
[6]. However, four additional peaks appear at 2θ 
of 38.2°, 44.4°, 64.5° and 77.5°, which coincide 
with peaks of Ag. Interestingly, the peaks of 
AgSi in Ag(1)-Ni/SiO2 and Ag(2)-Ni/SiO2 ap-
peared between 2θ of 29.0° to 80.0° are short 
and unnoticeable, indicates the weak dispersion 
of Ag with the catalyst support at low Ag load-
ing. The short peaks indicate the formation of 
small crystalline particles, which might cover 
the active sites of the catalyst [9]. 
 
3.2. Scanning Electron Microscopy (SEM) 
The morphology structures of the catalysts at 
5000 times magnification are shown in Figure 3. 
The calcined SiO2 in Figure 3(a) reveals a 
smooth surface with few crystallites formed. 
Upon impregnation with Ni, the surface has be-
come rougher and bulkier, and this finding sug-
gests the formation of NiO crystallites. Larger 
particles formation are observed on the pro-
moted catalysts (in Figure 3(c) and (d)) which 
indicates the agglomeration of AgSi and Ag 
crystallites besides the smaller NiO crystallites. 
The surface of Ag(5)-Ni/SiO2is rougher and 
bulkier compared to Ag(1)-Ni/SiO2 due to the 
higher Ag loading. This results were co-current 
with the findings from XRD analysis, where it 
shows the presence of large Ag particles at 
higher Ag loading and it was represented by the 
additional peaks appear at 2θ of 38.2°, 44.4°, 
64.5° and 77.5°. 
 
3.3. Brunauer-Emmett-Teller (BET) surface 
area 
The analysis from nitrogen physisorption in-
dicates the presence of mesoporous materials. 
Table 1 shows the BET surface and pore volume 
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Figure 2. XRD pattern for the prepared catalysts. (S-SiO2, N-NiO, and A-Ag)  
Figure 3. Morphology structure of (a) SiO2, (b) Ni/SiO2, (c) Ag(1)-Ni/SiO2 and (d) Ag(5)-Ni/SiO2 at 
5000 times magnification  
(a) (b) 
(c) (d) 
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of calcined SiO2, unpromoted NiSiO2 and Ag(5)-
Ni/SiO2. The BET surface area of Ni/SiO2 and 
Ag promoted catalysts are less than calcined 
SiO2 support. Apparently, introduction of Ag 
promoter decreases the BET surface area. This 
data is resulted from the pores blockage by the 
metallic oxide and the promoter. Similar re-
sults were also found by Diaz et al. and Guo et 
al. [10, 11]. However, increasing of Ag loading 
significantly increases the BET surface area. 
Ag(5)-Ni/SiO2 has the highest surface area 
among the promoted catalysts. 
 
3.4. Thermogravimetric analysis (TGA) 
Calcination profiles of Ni/SiO2, Ag(1)-
Ni/SiO2, Ag(3)-Ni/SiO2 and Ag(5)-Ni/SiO2  pre-
sented in Figure 4 shows three stages of weight 
loss between 300 K to 650 K. Peaks formation 
between 300 K to 400 K are due to the removal 
of water vapour in the catalysts [12]. The sec-
ond stage of weight loss is between 400 K and 
523 K, showing two peaks resulting from the 
dehydration of hydrated silicon oxide for the fi-
nal formation of SiO2, which is correlated to 
XRD study. The final stage in between 523 K 
to 650 K reveals the transformation of 
Ni(NO3)2.6H2O into NiO which is in agreement 
with the findings reported by Estelle et al. [13].  
 
3.5. Temperature-programmed reduction 
The TPR profiles of Ni/SiO2 and Ag(3)-
Ni/SiO2 are depicted in Figure 5. The peak de-
tected at 650 K for both catalysts can be attrib-
uted to the reduction of NiO to Ni metal, which 
is consistent with the findings of Acrotumapa-
thy et al. [14]. Both catalysts showed the abil-
ity to easily reduce due to the strong oxygen 
storage capacity in the catalyst. Because H2 
completely reduced the catalyst at 773 K, this 
temperature was selected as the reduction tem-
perature for the catalysts during the reaction 
studies. 
Table 1. BET surface area and cumulative pore volume of the catalysts  
Catalyst Surface area (m2 g-1) Pore volume (cm3 g-1) 
SiO2 80.903 0.0113 
Ni/SiO2 46.345 0.0111 
Ag(1)-Ni/SiO2 17.265 0.0090 
Ag(3)-Ni/SiO2 30.283 0.0101 
Ag(5)-Ni/SiO2 38.848 0.0101 
Figure 4. TGA analysis of catalysts at 10 K min-1 ramping rate in N2/O2 
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3.5. Reaction study 
The glycerol dry reforming was conducted at 
a fixed condition with the reaction temperature 
of 973K, 3 h reaction time,1:1 carbon to glycerol 
ratio and at atmospheric pressure. Through the 
glycerol dry reforming, glycerol is converted 
into other gaseous products such as H2, CH4, 
CO, CO2 and traces of gases.  
From the glycerol conversion plot shown in 
Figure 6, an almost similar trend could be ob-
served where the glycerol conversion are in-
creases in the first 30 minute, decrease after 1 
hour reaction time and stable along the reac-
tion period. It is probably due to the deposition 
of carbonaceous species on the catalyst surface 
upon breakage of C–C bond in glycerol. The 
highest glycerol conversion obtained over 
Ag(5)-Ni/SiO2(32.1%) followed by other cata-
lysts in descending Ag loading, which Ni/SiO2 
possess the least glycerol conversion of 6.5%. 
This can be attributed to the high distribution 
of active sites and well dispersion of metallic 
Ni species on the catalyst surface, as indicated 
in XRD analysis. Furthermore, according to 
Jeong and Kang, addition of Ag contributes to 
higher reforming reactivity compared to unpro-
moted catalyst by reducing the degree of car-
bon deposition and improves hydrogen yield 
[15].  
Figure 7 shows the products yield for differ-
ent Ag loading at minute 90. The Ag(5)-Ni/SiO2  
gives the highest hydrogen yield of 27.4% 
Figure 5. H2-TPR profile of Ni/SiO2 and Ag(3)-Ni/SiO2 catalysts at heating rate of 10 K min-1  
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Figure 6. Glycerol conversion over 3 hours reaction time at 973 K, 1 atm and CO2: Glycerol of 1:1  
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whereas Ni/SiO2 produced the least yield of hy-
drogen accounted for 4.8%. Methane yield is 
apparently lower than yield of hydrogen and 
carbon monoxide in the consecutive run. Meth-
ane is formed via dehydrogenation of glycerol, 
which also leads to the deposition of carbona-
ceous species [16]. Carbon monoxide yield is 
high for all the catalysts, circa 3 times the yield 
of hydrogen. High carbon monoxide content 
contributes to low hydrogen-to-carbon monox-
ide ratio as shown in Figure 8. Upon promotion 
with Ag, the ratio is increased which 5% Ag 
loading possess the highest ratio accounted for 
4.0. This ratio is preferable for some synthesis 
such as production of aldehydes [3]. 
 
3.6. Characterization of used catalyst 
There are several side reactions that may 
occur in the dry reforming of glycerol and affect 
the catalyst performance. The carbon deposi-
tion phenomenon could be observed upon sub-
jected the spent catalyst to SEM study. As 
shown in Figure 9, there are two types of car-
bon deposits. The first type is solid carbon de-
Figure 7. Hydrogen, methane and carbon monoxide yield for different Ag loading at 973 K, 1 atm 
and CO2:Glycerol of 1:1  
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Figure 8. H2:CO products ratio as function of promoter loadings loading at 973 K, 1 atm and 
CO2:Glycerol of 1:1 
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posited on the catalyst surface which covers the 
active sites of the catalyst as in Figure 9 (a). 
Another type is shown in Figure 9 (b), the fila-
mentous-type (whisker-like) carbon deposition.  
 
4. Conclusions 
A series of silica-supported Ni based cata-
lysts with different Ag promotion were pre-
pared via wet impregnation method. Reaction 
studies at 1 atm, 973 K and CO2:glycerol of 1:1 
showed that glycerol dry reforming successfully 
produced syngas with H2:CO molar ratio less 
than 1. Physicochemical characterization re-
vealed that Ag promotion can enhance the for-
mation of Ag phase crystallites and promotes 
the dispersion of NiO particles. Significantly, 
the Ag(5)-Ni/SiO2 catalyst, which possessed the 
highest Ag loading gave optimum glycerol con-
version and hydrogen yield, accounted for 
32.1% and 27.4%, respectively. Through XRD 
analysis, it was found that Ag(5)NiSiO2 has the 
smaller particles which indicates the fine dis-
persion of NiO particles. Moreover, data from 
BET surface area reveals that the highest sur-
face area of Ag(5)-Ni/SiO2 among the Ag-
promoted catalysts. SEM analysis showed the 
rougher surface indicates the formation of Ag 
particles and NiO.  
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